A PRIMARY CONCEPTUAL CHALLENGE in the study of mammalian aging is the increased incidence of a variety of disorders and their intricate relationship to aging. One of the most consistent pathological conditions in the gastrointestinal tract with advancing age is malignancy, particularly colorectal cancer.
Over the last decade, there has been a growing body of evidence that supports the contention that cancer stem cells/ cancer stem-like cells (referred to as CSLCs), identified by the expression of stem cell markers, are critically involved in the initiation, progression, and recurrence of cancer. Epithelial cancers, including colorectal cancer, are now believed to be diseases driven by a minor subpopulation of self-renewing CSLCs that also have the potential to invade and form distant metastasis (4, 5, 13) . Biologically distinct and relatively rare populations of tumor-initiating cells or CSLCs have been detected by several methods and markers established in a variety of cancers, including the colon (1, 29) . Currently, CSLCs are identified by specific surface epitopes. Colorectal CSLCs were initially characterized as cells expressing CD133, and subsequently as cells expressing other surface markers, including CD44, CD166, and epithelial cell adhesion molecule/ epithelial-specific antigen (6) . More recently, aldehyde dehydrogenase 1 (ALDH-1), which is a detoxifying enzyme, has been identified as a specific marker for normal and malignant human colonic stem cells (12) . ALDH-1-positive cells, which are sparse and limited to the crypt bottom where stem cells reside, increase during transition of normal epithelium to adenoma or progression to carcinoma (12) . However, the mechanisms that regulate the growth and development of CSLCs and their stemness are not well understood.
Members of the receptor tyrosine kinase family, that include epidermal growth factor receptor (EGFR)/ErbB-1, ErbB-2/ HER-2, ErbB-3/HER-3, and ErbB-4/HER-4, are frequently implicated in experimental models of epithelial cell neoplasia as well as in human cancers (10, 26) . Overexpression and/or activation of EGFR and/or member(s) of its family, particularly ErbB-2, has been associated with many human malignancies, including cancers of the lung, head and neck, brain, bladder, breast, prostate, stomach, and colon (10, 26) . Overexpression of EGFR in some tumors is viewed as an indicator of poor clinical prognosis (8, 25) . In addition, EGFR levels in premalignant lesions appear to be a sensitive predictor of the neoplastic potential of dysplastic tissues (9) . Indeed, we have demonstrated that EGFR tyrosine kinase activity in macroscopically normal mucosa from patients with ulcerative colitis and adenomatous polyps (which are considered to be precancerous lesions) as well as those with colon cancer is considerably higher than in normal subjects (23) . However, the highest increase is observed in mucosa from patients with frank colon cancer (23) . Interestingly, aging, which is associated with increased incidence in colorectal neoplasia/cancer, is also associated with increased expression and activation of EGFR, ErbB2/HER-2, and ErbB-3/HER-3 (19, 20, 27) . These increases are accompanied by increased CSLCs in the colonic mucosa (16, 30) . Taken together, these observations suggest a close relationship between CSLCs and EGFR in the colonic mucosa. However, the mechanisms by which EGFR regulate CSLCs remain unknown.
Recent accumulating data implicate miRNAs (miRs) in the regulation of proliferation, apoptosis, differentiation, metabolism, and invasion (3) . miRs are a class of endogenous small noncoding RNAs that control gene expression through binding to the seed sequence at the 3=-untranslated region of target mRNAs, resulting in translational repression or mRNA degradation (7) . A given species of miR can perfectly or imperfectly base pair with multiple targets, allowing it to potentially regulate the translation of numerous mRNAs. It has been predicted that over 30% of the human protein coding genes are posttranscriptionally regulated by this mechanism (3, 7) . Because miRNAs are reported to play a pleiotropic role in posttranscriptional regulation of numerous genes (3), a putative role for miRNAs in regulating cancer stem cell function is suggested. miR-21 is specifically significant in colon cancer due to its key role in several processes of tumor promotion, invasion, and metastasis and is therefore referred to as an "oncomiR" (a miRNA with oncogenic properties) (24, 41) . Recent evidence has suggested a role for EGFR in regulating miR-21 (35) .
Aging is associated with an increased risk for colon cancer (22) . Neither the causative factor(s) nor the regulatory mechanisms for the age-dependent rise in colorectal cancer are fully known. We postulate that they could partly be due to increased susceptibility of the aging colon to carcinogen(s)/toxicant(s) leading to stimulation in CSLCs. We further hypothesize that EGFR and miR-21, each of which regulates the other, play pivotal roles in regulating the age-related rise in colorectal neoplasia/cancer. The current investigation was undertaken to test these hypotheses.
MATERIALS AND METHODS
Animal studies and tissue procurement. The study was approved by the Institutional Animal Care and Use Committee (IACUC) of Wayne State University. In the current investigation, male Fischer-344 rats aged 4 -6 (young) and 22-24 (aged) mo were used in all experiments. They were purchased from the National Institute on Aging (Bethesda, MD) and maintained at the animal care facility of the Veterans Affairs Medical Center/Wayne State University in accordance with the policy of IACUC for at least 1 mo before the experiment. During this period, they had access to Purina rat chow and water ad libitum. Four to five animals from each age group were used in this investigation. The rats were either used without any intervention or injected intraperitoneally once per week for 4 wk with either 1,2-dimethylhydrazine (DMH) (30 mg/kg body wt), dissolved in 300 l neutral buffered 10 mM NaHCO 3, or vehicle (controls). They were killed 1 wk after the last injection. In some experiments, the animals were given a single injection (ip) of cetuximab (8 mg/kg; monoclonal antibodies to EGFR) or vehicle (controls) and killed 5 days later. Where appropriate, the animals were monitored and weighed two times a week.
All animals were killed by CO 2 asphyxiation, following an overnight fast. The abdominal cavity was opened, and the colon was removed, rinsed with cold normal saline, opened, and cut longitudinally. After being washed thoroughly with cold PBS containing 10% antibiotic/antimycotic, a small portion of the distal colon was fixed in 10% buffered formalin, processed, and embedded in paraffin for immunohistochemical analysis. Mucosa from the rest of the tissue was obtained by scraping with glass slides, and aliquots were either processed immediately or frozen in liquid nitrogen and stored at Ϫ80°C.
Isolation of RNA and quantitative RT-PCR analysis. Total RNA was extracted from rat intestinal mucosa using Trizol reagent according to the manufacturer's instructions. RNA concentration was measured spectrophotometrically at an optical density of 260 nm. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using the GeneAmp RNA PCR Kit (Applied Biosystems, Foster City, CA). Briefly, 1 g of purified RNA was reversetranscribed, and the transcribed RNA was diluted five times for quantitative PCR amplification of various cancer stem cell markers. Five microliters of complementary DNA products were amplified with SYBR Green Quantitative PCR Master Mix (Applied Biosystems). Table 1 provides the list and sequences of the rat specific primers used in the study. Reactions were carried out in an Applied Biosystems 7500 Real-Time PCR System, as described previously by Yu et al. (39) . The quantitation of the marker gene was normalized to amplification of ␤-actin and subsequently expressed relative to untreated control.
miRNA array and quantitation of miRNA-21. Expression of 88 rat miRNAs associated with tumorigenesis was measured by real-time RT-PCR. Briefly, total RNA was extracted using TRIzol (Invitrogen) from the rat colonic mucosa. Small RNA was isolated using an miRNA isolation kit and reverse transcribed (200 ng) using the RT 2 miRNA first strand kit (SABiosciences). Subsequently, realtime PCR was performed in 96-well plates using the Rat Cancer microRNA PCR Array plates (SABiosciences) and the SYBR Green master mix (SABiosciences) in an ABI 7500 instrument (Applied Biosystems). The miRNA PCR plate contained real-time PCR primers for 88 rat miRNAs, four normalizer small RNAs, and several quality controls. Data analysis was performed with the web-based software package, and the differences in miRNA levels were calculated using the ⌬⌬C t method. The criterion for differential expression was a more than fourfold change.
TaqMan microRNA. Assays were used to quantitate miR-21 in the colonic mucosa of young and old rats according to the manufacturer's instruction (Applied Biosystems). Briefly, cDNA synthesis was carried out with the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems) using 10 ng total RNA as template. The miRNA sequence-specific RT-PCR primers for miR-21 and endogenous control RNU6B were purchased from Applied Biosystems. Real-time qRT-PCR analysis was carried out using an Applied Biosystems 7500 Real-Time PCR System. The PCR Master Mix containing TaqMan 2ϫ Universal PCR Master Mix (No Amperase UNG) volume was processed as follows: 95°C for 10 min and then 95°C for 15 s, 60°C for 60 s for up to 40 cycles. Signal was collected at the endpoint of every cycle. The gene expression ⌬Ct values of miRNAs from each sample were calculated by normalizing with internal control RNU6B, and relative quantitation values were plotted.
Single cell isolation from the rat colonic mucosa. Small portions (5-10 mg) of colonic mucosa was removed, washed extensively in 1ϫ PBS containing 10% antibiotic/antimycotic, and subsequently incubated overnight in Dulbecco's minimum essential media (DMEM/F-12) containing 5% antibiotic/antimycotic at 4°C. The tissue was cut into fine pieces using a sterile scalpel and then digested with 1.5 mg/ml collagenase I (CO130 -50 mg; Sigma Aldrich) and 20 g/ml hyaluronidase I (H3506 -100 mg; Sigma Aldrich) under gentle agitation for 2-3 h at 37 0 C. The digested tissue was filtered through a 40-M filter and centrifuged at 1,200 rpm for 5 min. The supernatant (containing dead cells as well as the fat cells) was discarded, and the cells (pellet) were washed three times with DMEM/F-12 media containing 5% antibiotic/antimycotic. The cells were suspended in previously defined stem cell media and plated in low-adhesion plates (14) . Formation of spheroid-like clusters by isolated colonic mucosal cells. Spheroid-like clusters are formed by the CSLCs in stem cell media. However, cells isolated from tissues do not form spheroid, rather they form spheroid-like clusters. To examine the effects of aging as well as exposure to carcinogen DMH on the formation of spheroid-like clusters by the isolated colonic mucosal cells, the ability of these cells to form spheroid-like structures in suspension was evaluated as described by Liu et al. (17) , with minor modifications. Briefly, the isolated cells were allowed to grow in nondifferentiating condition (stem-cell media) in ultra-low-attachment plates (Corning, Lowell, MA) for 5-10 days. The stem cell medium was supplemented with B27 (Life Technologies, Gaithersburg, MD), 20 ng/ml epidermal growth factor (Sigma, St. Louis, MO), 10 ng/ml fibroblast growth factor (Sigma), and antibiotic/antimycotic. By the end of 5 days, only the stem-like cells were able to survive in nonadherent conditions while the non-stem-like cells died off. Fresh stem cell media was provided to the surviving cells every 5 days. The cells were assayed for their ability to survive and form spheroid-like clusters. The spheroid-like clusters formed in 10 days were photographed at ϫ10 magnification.
Flow cytometric analyses of isolated mucosal cells. Single cells isolated from the colonic mucosa of rats were subjected to direct and/or indirect immunofluorescence staining followed by flow cytometric analyses. Briefly, the cells were harvested and washed with PBS. One million cells were suspended in 95 l of PBS containing 0.5% BSA for 10 min at room temperature followed by the addition of 5 l of fluorescein isothiocyanate (FITC) fluorescent dye conjugated to CD44 antibodies (BD Pharmingen, San Jose, CA), incubated for 30 min in the dark, at room temperature. The samples were then washed and resuspended in PBS and analyzed using a FACS DiVa (BD Pharmingen). One million cells were also stained with FITC fluorophore-conjugated isotype control for CD44 antibodies.
Western blotting. This methodology was used to examine the levels of different proteins and their activated states in the colonic mucosa in response to aging as well as DMH treatment. Briefly, aliquots of colonic mucosa from young and old rats were solubilized in lysis buffer (10 mM HEPES, pH 7.2, 150 mM NaCl, 2.5 mM Na 3VO4, 1 mM phenylmethylsulfonyl fluoride, 2.5 mM EDTA, 25 g/ml of aprotinin, leupeptin, and pepstatin A, 0.5% Triton X-100, and 0.5% Nonidet P-40). Following clarification at 11,000 g for 15 min at 4 0 C, the supernatant was subjected to electrophoresis on a 12% SDS-PAGE. The electrophoresed proteins were transferred onto nitrocellulose membranes. The membranes were then probed with various antibodies. Protein bands were visualized by an enhanced chemiluminescence detection system and quantitated by densitometry. The membranes were stripped and probed for actin as an internal control. All Western immunoblots were performed at least three times using samples from different rats from each age group.
Statistical analysis. Unless otherwise stated, data were expressed as means Ϯ SD. Where applicable, the results were compared by using the unpaired, two-tailed Student's t-test, as implemented by Excel 2007 (Microsoft, Redmond, WA). P values Ͻ0.05 were considered statistically significant.
RESULTS

Aging is associated with increased expression of CSLC markers in colon.
Considering that appearance of CSLCs might be one of the initial events in neoplastic transformation in solid tumors as well as in intestinal neoplasia, we investigated the status of CSLCs in normal-appearing colonic mucosa during aging in rats. Earlier, we reported the presence of CSLCs in normal-appearing mucosa in patients with adenomatous polyps and found them to increase with aging, as did the number of polyps (30) . As a measure of age-related changes in colonic mucosal CSLCs, we examined the expression of mRNAs for CSLC-specific surface markers CD44, CD133, and CD166 and the cytoplasmic marker ALDH-1 in the normal colonic mucosa of young (4 -5 mo old) and aged (22-24 mo old) Fischer-344 rats. As expected, the expression of colon CSLC markers, as determined by the respective mRNA levels, was found to be 1.6-to 3.8-fold higher in the colonic mucosa of aged (20 mo old) than in young (5 mo old) animals (Fig. 1A) . To further determine whether putative CSLCs in the normal colonic mucosa would exhibit properties of CSLCs, we isolated mucosal cells by collagenase/hyaluronidase treatment and subjected them to fluorescence-activated cell sorter (FACS) analysis. Mucosal cells isolated from the colon of aging rats exhibited a 50% higher population of cells expressing the cancer stem cell-specific marker CD44 compared with the corresponding young animals (Fig. 1, B and C) .
Aging is associated with increased expression of miRNAs in colon. Given the major roles of miRs in the regulation of protein expression, it is crucial to understand the contributions of miRs in the age-related rise in colorectal neoplasia. Profiling of miRs in the colonic mucosa of young (4 mo) and aged (24 mo) Fischer-344 rats revealed marked changes in the expression of several miRs in the colonic mucosa of aged rats that affect the expression of a number proteins, including EGFR and insulin-like growth factor-I receptor (Table 2 ). These miRs are thought to regulate the functional properties of CSLCs. We found the expression of several miRs in the colonic mucosa to either increase or decrease in aged animals. In the current investigation, however, we focused our attention to miR-21 since it is known to be upregulated in many solid tumors, including the colon (2), and has been shown to promote cell transformation by targeting the tumor suppressor programmed cell death 4 gene (PDCD4) (18) . Our results show an ϳ13-fold increase in the expression of miR-21 in the colonic mucosa of aged rats compared with their younger counterpart ( Table 2) .
Aging is associated with a higher proportion of CSLCs and increased susceptibility to carcinogen. Because the aging colonic mucosa exhibited a higher proportion of CSLCs, we conducted the next set of experiments to determine whether exposure to the colonic carcinogen DMH would induce a further increase in CSLCs in aged animals. Mucosal cells were isolated from colon of young (4 mo old) and aged (21 mo old) rats and subjected to stem cell growth conditions to evaluate their ability to form spheroid-like clusters, a feature of CSLCs. We observed that the, under the current experimental condition, single cells isolated from aged colon (control and DMHtreated animals) demonstrated a higher survival than those from young animals. These cells also showed a greater potential to form bigger clusters (spheroids) compared with cells isolated from the colons of vehicle-treated or young rats ( Fig. 2A) . Additionally, we observed that, although administration of DMH increased the ability of isolated mucosal cells from both young and aged rats to form clusters/spheroid-like structures, the magnitude of this increase was higher in mucosal cells from DMH-treated aged than those from DMH-treated young animals ( Fig. 2A) . Expression of colon CSLC markers ALDH-1 and CD166 was also found to be similarly affected. Levels of ALDH-1 and CD166 mRNAs were found to be about 4-and 2.5-fold higher, respectively, in aged than in young animals. DMH caused a further increase in ALDH-1 mRNA in both age groups; DMH increased CD166 mRNA only in young animals (Fig. 2B) .
The levels of miR-21 are known to be greatly elevated in colon tumors (2) . Moreover, recent clinical findings have associated overexpression of miR-21 with a poor therapeutic response as well as poor prognosis in colon cancer patients (33) . In view of our observations that the age-related rise in colonic mucosal CSLCs could be further stimulated by the colonic carcinogen DMH, we tested whether DMH increased miR-21 expression. The levels of miR-21 in the colon of older vehicle-treated animals (controls) were found to be ϳ50% higher than in vehicle-treated young rats (Fig. 2C) . DMH treatment caused a further increase in the expression of miR-21 in the colon of both age groups (Fig. 2C) . The fact that the increase in expression of miR-21 is accompanied by a concomitant increase in expression of CSLC markers CD166 as well as ALDH-1 suggests that miR-21 may play a role in regulating colon CSLC.
To further examine the DMH-induced changes in the proportion of CSLCs in the colonic mucosa of young and aged rats, freshly isolated mucosal cells were subjected to FACS analysis. The proportion of colonic mucosal cells expressing CD44 was found to be twofold higher in aged than in young animals, and administration of DMH in aged rats caused another twofold increase in the proportion of CD44-expressing cells compared with the young controls (Fig. 3, A and B) . Our observations of increased expression of CSLC-specific markers in the colonic mucosa of aged rats and that this was associated with a parallel rise in the proportion of CSLC-specific population suggest that the increase in the CSLC population could be one of the driving forces for the age-related rise in colon cancer, which is increased further in response to carcinogen.
The age-related rise in colonic CSLCs is associated with increased activation of EGFR. Earlier studies from this laboratory have demonstrated that aging is associated with increased activation of EGFR in the colonic mucosa and that this is further increased by DMH (20, 34) . Because a similar phenomenon is also observed for colon CSLCs (23), our observations suggest a potential link between EGFR and CSLCs. The next experiment was therefore undertaken to determine whether EGFR regulates CSLCs in the colonic mucosa. We studied the effect of EGFR inhibition on the expression of CSLC markers (CD166 and ALDH-1) in the colonic mucosa during aging. Groups of young (4 mo) and aged (20 -21 mo) male Fisher-344 rats were injected (ip) with cetuximab (8 mg/kg) or vehicle and killed 5 days later. Data from vehicle-treated animals (controls) revealed a 1.5-fold higher level of phosphorylated EGFR in the colonic mucosa of aged than young rats, indicating an age-related rise in EGFR activation in the colon (Fig. 4A) . This increase was associated with a concomitant rise (40 -50%) in the expression of CD166 and ALDH-1. Cetuximab administration caused a 68% inhibition in phosphorylated EGFR expression in the colonic mucosa of aged rats but produced only a marginal 15% reduction in young rats (Fig. 4A) . The expression of CD166 and ALDH-1 was also markedly inhibited by cetuximab in the colonic mucosa of aged but not young animals (Fig. 4, B and C) . Our observation that inhibition of tyrosine phosphorylation of EGFR is associated with attenuation of CSLC markers in the colon of aged rats suggests that activation of the EGFR signaling pathway can be functionally associated with the development of the CSLC phenotype in the colonic mucosa during aging.
EGFR regulates CSLCs and miR-21 expression. Recent evidence suggests a role for EGFR in regulating miR-21 (35) . To determine whether the EGFR inhibitor cetuximab, which reduces the expression of CSLC markers, would affect the age-related increase in miR-21 expression in the colonic mucosa, we studied the effect of this inhibitor on miR-21 expression. Whereas cetuximab caused no apparent change in miR-21 expression in the colonic mucosa of 4-mo-old (young) rats, it produced a 40% reduction in the levels of miR-21 in aged rats compared with the corresponding vehicle-treated controls (Fig. 5) . Taken together, the results suggest that EGFR plays a significant role in regulating the growth and maintenance of the CSLC population in the colon, and this may involve onco-mir miR-21.
DISCUSSION
Cancers arise after the acquisition of multiple mutagenic events (31) . Stem cells represent ideal cellular targets for the accumulation of precancerous damage, since the central properties of stem cell, long-life span, self-renewal, and differentiation enable mutations acquired in them to be propagated to both self-renewing progeny and downstream progenitors over the lifetime of the organism. Indeed, our recent observation that a linear increase in adenomatous polyps with advancing age (r 2 ϭ 0.92, P Ͻ 0.02) is associated with increased CSLCs in macroscopically normal mucosa (30) supports such a contention and further suggests that aging may predispose the colon to carcinogenesis. Moreover, the fact that CSLCs in the colonic mucosa increase with aging and with the number of adenomatous polyps suggests that CSLCs may play a pivotal role in regulating the processes of carcinogenesis.
Our current observation of a higher expression of several CSLC markers in the colonic mucosa of aged than in young animals, accompanied by an increased proportion of CD44 mucosal cells, further supports the contention that aging predisposes the colonic mucosa to processes of carcinogenesis. Moreover, the fact that these increases are further exacerbated by the colonic carcinogen DMH indicates a greater susceptibility of the aging colon to carcinogens/toxicants and may partly be responsible for the age-related rise in colorectal neoplasia/cancer.
Accumulating evidence suggests that miRNAs play critical roles in regulating biological processes like cell growth, tissue differentiation, cell proliferation, embryonic development, and apoptosis (32) . In addition, it has been reported that miRNAs play a significant role in stem cell renewal and contribute to the stemness of CSLCs in cancers of breast, brain, and colon (11, 38, 40) . More recently, miRNAs are being investigated as biomarkers of colorectal cancer as well as of aging (15, 37) . A better understanding of the mechanisms of miRNA regulation of age-related genes in human should enable us to understand the complex processes of aging and the associated diseases like cancer. Noren Hooten et al. (28) investigated the miRNA expression profiles and differential expression of their targets with aging. The targets of the miRNAs that showed significant reductions with aging were miR-24, miR-128, miR-130a, miR-155, and miR-221 and were found to be involved in pathways that are commonly associated with cancer (28) . We have conducted a similar miRNA expression profile and observed differential expression of miRNAs. We focused on miR-21 because of its oncogenic potential in colon cancer since it has been shown to promote cell transformation by targeting the tumor suppressor PDCD4 and phosphatase and tensin homolog (18) . Moreover, overexpression of miR-21 has been linked to poor prognosis of colorectal cancer and also shows a strong association with the established prognostics factors for nodal and metastatic stages and directly with poor survival (33, 36) . The colonic mucosa of aged rats showed higher expression of miR-21. Our current observation of a parallel rise in miR-21 and CSLCs in the colonic mucosa during aging and further increases of both of these parameters by the colonic carcinogen DMH suggest that miR-21 may also play a role in regulating CSLCs in the colonic mucosa. We, herein, report for the first time that upregulation of a miR is associated with aging and carcinogenesis.
Although the regulatory mechanisms for the age-related rise in CSLCs and miR-21 in the colonic mucosa are not understood, our current data suggest a role for EGFR signaling in regulating these processes. A number of observations support this postulation. Earlier, as has been observed in the current investigation, the age-related increase in the expression of several markers of CSLC in the colonic mucosa is associated with a concomitant increase in EGFR expression, and these increases are exacerbated by DMH (16, 34) . Aging has also been shown to be associated activation of EGFR and its downstream signaling events (20, 21) . Our current data further demonstrate that administration of cetuximab, monoclonal antibodies to EGFR that inhibit EGFR activation, not only inhibits the expression of CSLC markers CD166 and ALDH-1 but also miR-21 expression in the colonic mucosa in both young and aged animals, but the magnitude of inhibition of these parameters is much greater in aged than that noted in young animals. Whether other members of the EGFR, specifically HER-2 and HER-3, which are also activated in the aging colon (21) and are known to play critical roles in the development and progression of many epithelial malignancies, including the colorectal cancer, play a role in the development of the CSLC phenotype remain to be determined.
In conclusion, our study provides new evidence to demonstrate that aging is associated with an increase in the expression of several markers of CSLC and the proportion of CSLCs in the colonic mucosa and that they are further exacerbated by the colonic carcinogen DMH. These increases are also associated with a concomitant rise in miR-21 and EGFR in the colonic mucosa. The age-related rise in CSLCs and miR-21 could be inhibited by the EGFR-specific inhibitor cetuximab, suggesting a role for this growth factor receptor in modulating the agedependent increase in CSLCs in the colonic mucosa and the carcinogen induction of colon CSLC phenotype during aging. 
